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ABSTRACT  
 
Experimental studies using a high speed digital camera are conducted to examine 
gas-solid fluidization in microfluidic channels (3mmX3mm and 2mmX3mm). The 
experimental results indicate the significant channel wall effects on the hydrodynamic 
properties including bed expansion and regime transition velocities. These properties 
are analyzed and discussed in the context of correlation equations reported for large 
fluidized beds.   
 
INTRODUCTION 
 
Multiphase flow systems are widely encountered in industrial operations such as 
fluidized beds, bubble columns, slurry bubble columns, and solid-liquid and solid 
pneumatic conveying. Fluidized beds can provide good mass and heat transfer 
characteristics, temperature homogeneity, high flowability of particles, and high 
mixing rates between solid particles and gas.  Gas-solid fluidized beds, in which solid 
particles are fluidized by a gas injected from the bottom distributor of the bed, have 
been used extensively in chemical, petrochemical, metallurgical, food, and 
pharmaceutical industries. Fluidized bed reactors for these industrial applications are 
large in scale. Further, much of the fundamental research on fluidization properties 
has its underlining interest in interpreting or being useful to designing industrial 
fluidized systems (Ergun (1), Wen and Yu (2), Geldart (3), Yerushalmi and Cankurt 
(4), Abrahamsen and Geldart (5, 6), Molerus (7), Grace (8), Cai et al. (9), Fan and 
Zhu (10)). Miniaturization of chemical reactors provides unique operational 
characteristics and applications counter to the regular/large reactor systems. 
Specifically, Micro-reactors yield excellent interfacial contact phenomena and hence 
a high-rate transport process and global reaction kinetics (Maharrey and Miller (11), 
Kolb and Hessel (12)). Studies of micro-fluidized beds with an inner diameter of 1.2 
centimeter to a few centimeters and a bed height of a few centimeters were reported 
in the literature (Liu et al. (13)). With further decrease in the fluidized bed size to the 
microfluidic channel range which is commonly considered in the microfluidic field for 
gas-liquid, liquid-solid, or liquid-liquid flows (Potic et al. (14), Gunther and Jensen 
(15)), the wall effect on fluidization properties would further enhance. Characteristics 
such as bubble/slug shape and size, holdup, and liquid velocity distribution in gas-
liquid and liquid-solid microfluidic channels have been studied in the past decade 
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(Waelchli and von Rohr (16), Yu et al. (17)). Little is known of gas-solid fluidization 
conducted in microfluidic channels.  
 
In this study, gas-solid fluidization in a microfluidic channel both in the gravitational 
force field and in a centrifugal force field is conducted. The visualization of the 
dynamic behavior of fluidization in the microfluidic channel is carried out. The state of 
gas-solid fluidization, regime transition and bed expansion in the microfluidic 
channels are examined. Comparisons of its behavior with that in the larger gas-solid 
fluidized beds are made. 
 
EXPERIMENTAL SETUP 
 
Figure 1 presents the schematic diagram of the microfluidic gas-solid fluidization 
system developed in this study. It consists of a Plexiglass rectangular microfluidic 
channel (3mmX3mm and 2mmX3mm), a syringe and syringe pump that provides the 
fluidizing gas to establish required superficial gas velocity, a Photron FASTCAM PCI 
high-speed CCD camera with a Navitar ZOOM 7000 lens and a close-up lens set, a 
Photron FASTCAM data processing system to record the images, a light unit to 
provide illumination for photography. The distributor in the microfluidic channel is 
made of a porous plate with a pore size of 20 µm and a fractional free area of 60%. 
The total length of the microfluidic channel is 180 mm. FCC powders with a density 
of 1400 kg/m3 and a mean diameter of 60 µm are used as the solids. The particles 
are sieved and particles with sizes above 75 µm are removed. The gas-solid 
fluidization behavior in the microfluidic channel is investigated both in the 
gravitational force field and in a centrifugal force field. For the study in the 
gravitational force field, the microfluidic channel is placed vertically as shown in 
Figure 1. The high speed camera is placed in front of the microfluidic channel to 
capture the dynamic images at a speed of 500 frames per second. For the study in 
the centrifugal force field as shown in Figure 2, the microfluidic channel is mounted 
on a rotating horizontal disk with a controlled rotational speed to provide different 
centrifugal forces that exerted on the particles in the channel. The gas supply line is 
placed on the unmoving outer shell of the system. An intricate bearing system is 
used to connect the rotating gas inlet tube with the unmoving supply. The fluidizing 
gas flows into the microfluidic channel towards the center of the disk and fluidizes the 
particles by overcoming the centrifugal force. The high speed digital camera is 
placed above the system to capture the dynamic behavior of the particle fluidization 
occurring in the channel at a speed of 500 frames per second. Since the camera is 
fixed, the fluidization images can only be captured when the microfluidic channel is in 
line with the lens during its rotation. 
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Figure 1. Schematic diagram of the 
microfluidic gas-solid fluidization system 
Figure 2. Microfluidic gas-solid 
fluidization system in a centrifugal force 
field 
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RESUTLS AND DISCUSSION 
 
Voidage, Umf and Umb in the Microfluidic Channel 
 
The overall voidage, εoverall, dense phase voidage, εdense, and bubble fractional holdup, 
εbubble, in the microfluidic channel were obtained by the bed collapse experiments 
(Dry et al. (18), Yang et al. (19)). During the bed collapse experiments, the syringe 
pump was rapidly stopped and the fluidizing gas was cut off. The bed height was 
captured by the images from the high speed camera. Figure 3 shows the dynamic 
bed height in the 3mmX3mm microfluidic channel from the bed collapse experiments. 
The superficial gas velocity, Ug, in the microfluidic channel was 55 mm/s. Hf is the 
average bed height before the gas was cut off. Hdense is the height of the dense 
phase. εoverall, εdense, and εbubble were calculated from Equation (1)-(3): 
 
1overall
f p
w
AH
ε ρ= −                                                                                                        (1) 
1dense
dense p
w
AH
ε ρ= −                                                                                                     (2) 
bubble overall denseε ε ε= −                                                                                                      (3) 
 
where A is the cross-sectional area of the microfluidic channel; w is the weight of the 
particles in the microfluidic channel; and ρp is the particle density. εoverall, εdense, and 
εbubble at different superficial gas velocities in the 3 mm microfluidic channel are 
shown in Figure 4.  
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Figure 3. Dynamic bed height in the 
3mmX3mm microfluidic channel from the 
bed collapse experiment 
Figure 4. Fluidization map for the 
3mmX3mm microfluidic channel 
 
It is seen that εoverall, εdense, and εbubble all increase with an increase in the superficial 
gas velocity. The minimum fluidization velocity, Umf, and the minimum bubbling 
velocity, Umb, are 4.9 mm/s and ~13.5 mm/s, respectively, in the 3mmX3mm 
microfluidic channel for the sieved FCC particles. Umf and Umb are 5.6 mm/s and 
~14.5 mm/s, respectively, in the 2mmX3mm microfluidic channel. Table 1 shows the 
comparison of Umf in the microfluidic channel and the regular/large fluidized beds. It 
is seen that the minimum fluidization velocity in the microfluidic channel is 3-5 times 
of that in the regular fluidized beds. Table 2 shows the comparison of Umb in the 
microfluidic channel and the regular fluidized beds. The minimum bubbling velocity in 
the microfluidic channel is ~3 times of that in the regular fluidized beds.  
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Table 1. Comparison of minimum fluidization velocity in the microfluidic channel and 
the correlations from literatures 
  
3mmX3mm 
Microfluidic 
Channel 
2mmX3mm 
Microfluidic 
Channel 
Rowe and 
Henwood 
(20) 
Wen and 
Yu  (2)
Simone and 
Harriott (21) 
Grace 
(22) 
Umf (mm/s) 4.9 5.6 1.7 1.3 1 1.6 
  
Table 2. Comparison of minimum bubbling velocity in the microfluidic channel and 
the correlations from literatures 
  
3mmX3mm 
Microfluidic 
Channel 
2mmX3mm 
Microfluidic 
Channel 
Geldart 
(3) 
Geldart and Abrahansen 
(23) 
Umb (mm/s) ~13.5 ~14.5 5.3 4.4 
 
The significant increase of Umf and Umb is due to the extra pressure drop on the 
particles induced by the wall effect in the microfluidic channel. Similar results were 
obtained using channels of 1.2 cm, 2.0 cm and 3.2 cm ID with sands by Liu et al. 
(13). 
 
Bubble Size 
 
Figure 5 shows a snapshot of a rising micro bubble in the microfluidic channel with a 
Ug of 39 mm/s. A maximum stable bubble size in the regular gas-solid fluidized beds 
for Group A particles has been studied intensively in the literature. Figure 6 shows 
the comparison of the experimental results of the maximum stable bubble size at 5 
mm above the distributor in the microfluidic channel and the predicted based on 
correlation equations for regular fluidized beds by Rowe (24), Werther (25), Darton et 
al. (26) and Cai et al. (27). It is seen that the experimental results of the bubble size 
in the microfluidic channel are reasonably comparable, though slightly lower, to the 
predictions by Darton et al. (26) and Cai et al. (27). The experimental results in 
Figure 6 indicate that the correlations by Rowe (24) and Werther (25) are not 
predictive for the bubble size in the microfluidic channel. The bubble size increases 
with the superficial gas velocity in the microfluidic channel. 
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Figure 5. A rising bubble in the 
3mmX3mm microfluidic channel 
Figure 6. Comparison of bubble sizes in 
the 3mmX3mm microfluidic channel and 
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the correlations from literatures 
Slugging 
 
The minimum gas velocity and minimum bed height required for slugging in the 
3mmX3mm microfluidic channel can be calculated as 12 mm/s based on the Stewart 
and Davidson criterion (Stewart and Davidson (28)) and 486 mm based on the 
Baeyens and Geldart criterion (Baeyens and Geldart (29)). However, the 
experimental results show that the slugging occurs at a gas velocity of 31 mm/s and 
a bed height of 12 mm in the 3mmX3mm microfluidic channel and at a gas velocity of 
29 mm/s and a bed height of 8 mm in the 2mmX3mm microfluidic channel. The 
experimental results indicate that the Stewart and Davidson criterion and the 
Baeyens and Geldart criterion are not predictive for the microfluidic channels. Figure 
7 (a) and (b) depict two snapshots of slugs in the 3mmX3mm and 2mmX3mm 
microfluidic channels. The slugs in these two snapshots are round-nosed slugs. Wall 
slugs are also observed due to large dp/D ratio in the microfluidic channels, where dp 
and D are the particle diameter and channel ID, respectively. 
 
Slug
 
(a) 
Slug
 
(b) 
Figure 7. Snapshots of slugs in the microfluidic channels: (a) Ug=55 mm/s; channel 
size=3mmX3mm; (b) Ug=58 mm/s; channel size=2mmX3mm 
 
Fluidization in a Centrifugal Force Field 
 
To study the effect due to the centrifugal force field, the microfluidic channel is 
mounted on the rotating horizontal disk. The fluidizing gas flows into the microfluidic 
channel towards the center of the disk and fluidizes the particles by overcoming the 
centrifugal force. Since the camera above the disk is fixed, the fluidization images 
can only be captured when the microfluidic channel is underneath the lens during its 
rotation. Figure 8 presents snapshots of gas-solid fluidization in a 3mmX3mm 
microfluidic channel in the centrifugal force field with an angular velocity, ω, of 287 
r/m and a Ug of 15.5 mm/s. The accelerations near the distributor and at the free 
surface of the bed in the microfluidic channel provided by the rotating horizontal disk 
are 1.77 m/s2 and 1.63 m/s2, respectively. The bubble size increases with the bed 
height due to bubble coalescence and reduction of the acceleration. A large amount 
of bubbles are close to the wall region when moving towards the outlet of the 
channel due to the significant wall effect in the microfluidic channel and the small 
body force exerted on the particles in the horizontal direction.  
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Figure 8 Snapshots of gas-solid fluidization in a 3mmX3mm microfluidic channel in 
the centrifugal force field: ω=287 r/m; Ug=15.5 mm/s 
 
CONCLUDING REMARKS 
 
Gas-solid fluidization in microfluidic channels (3mmX3mm and 2mmX3mm) is 
examined. The gas-solid fluidization states, regime transition and bed expansion in 
the microfluidic channels are investigated and compared with those in the regular 
large gas-solid fluidized beds through visualization. Umf and Umb in the microfluidic 
channels are larger than that in the regular fluidized beds. The significant increase of 
Umf and Umb is due to the extra pressure drop on the particles exerted by the wall in 
the microfluidic channel. The bubble size increases with the superficial gas velocity 
in the microfluidic channel and is comparable to the predictions by Darton et al. (26) 
and Cai et al. (27). The slugging phenomenon commonly occurs in microfluidic 
channels due to large dp/D ratio. The experimental results indicate that the Stewart 
and Davidson criterion and the Baeyens and Geldart criterion are unpredictive for the 
microfluidic channels. Both round-nosed slugs and wall slugs are observed in the 
microfluidic channel. Gas-solid fluidization in a microfluidic channel in a centrifugal 
force field is also studied. The bubble size increases with the bed height due to 
bubble coalescence and reduction of the centrifugal force. A large amount of the 
bubbles are close to the wall region when moving towards the outlet of the 
microfluidic channel due to the wall effect and the small body force exerted on the 
particles in the horizontal direction. 
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NOTATION 
 
A cross-sectional area of the microfluidic channel 
dp particle diameter 
D channel ID 
Hdense height of the dense phase 
Hf average bed height before cutting off the gas 
Ug superficial gas velocity 
Umb minimum bubbling velocity 
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Umf minimum fluidization velocity 
w weight of the particles in the microfluidic channel 
εbubble bubble fractional holdup 
εdense dense phase voidage 
εoverall overall voidage 
ρp particle density 
ω angular velocity 
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